Introduction
Lots of control methodologies have been proposed to control a lot of kind of plants. A normal approach is to make a model of the plant under consideration and then design a control system for the model to be stable.
Actually, almost all of cases, there exists a modelling error.
In addition, it is very difficult to measure the actual parameter of the plant exactly. It must has the measurement error/uncertainty.
It has been known that the variable structure control scheme has robust and invariant property to parameter uncertainties and external disturbances The variable structure control system is designed for the system state to be forced to stay on the predetermined sliding surface. When the system is in the sliding mode, the overall system shows the invariance property to parameter variations and external disturbances, and the dynamics of the closed-loop system is determined by the prescribed sliding surface. However, the output performance is degraded under the existence of parameter variations and disturbances until the system state reaches to the sliding surface, that is, before the system gets in the sliding mode, which is called as "reaching phase problem". 
Problem Formulation
Consider a second-order uncertain system with an external disturbance described by (1) where x(t) is the state variable, u(t) is the control input, and d (t) is an external disturbance. Fig. 1 shows the block diagram of the system. In the actual plant, it is so hard to say that the measured or modeled parameters are exactly correct and time-invariant. However, it is reasonable to say that the parameters are bounded by some constants. Thus, for the plant under consideration, we assumed that the follwing inequalities are satisfied : (2) where D is a positive constant.
From (2 ), it can be known that the parameter K(t) is always bounded between two constants Kmn and Kmax and the magnitude of the external disturbance is also bounded by some positive constant D. Remark 1 The model equation described in (1) has a simple structure with a time-varying uncertain term of K(t) and an external disturbance d(t). Lots of mechanical plants can be modelled by the second-order differential equation such as M(t)x+D(x, x)+Gx=u(t) It is clear that the above system can be categorized into (1) by letting In this paper, therefore, in order to clarify the idea of the proposed method, the control scheme is designed for the system with the simple form as (1) .
Control System Design
Let us define a function augmented sliding hyperplane s(t) as where e(t)=xd(t)-x(t), xd(t) is a given twice continuously differentiable reference trajectory, C is a positive constant, w(t)=v(t)+Cv(t), and v(t) is designed such that the following assumption holds. 
Differentiating (7) along the controlled system (1) and (6) 
Thus, using (9 ), (10) and (11), equation (8) can be rewritten as follows:
Obviously V is a positive definite function and V is a negative definite function, i.e., V is a Lyapunov function. From the Remark 2, it is easily known that s(0)=0 which implies that V(0)=0. Since V is a positive definite function, it also means that V(t)=0.
Clearly, it is equivalent to (13) Since the overall system was shown to be always in the sliding mode and the augmenting function v(t) can be designed arbitrarily if the Assumption 1 holds, the following theorem can be derived. Remark 3 Since s(t)=0 from (13), there is no reaching phase and the overall system is in the sliding mode all the time. It also implies that the closed-loop system always shows the invariance property to parameter uncertainties and external disturbances. Furthermore, it can be easily known that the system output is governed by the following equation all the time,
that is, the tracking error e(t) can be totally predetermined and it is not affected by parameter variations and external disturbances at all. Theorem 2 If the control system (6) is applied to the plant (1 ), the tracking error e(t) converges to zero in funite time Tf.
Proof From the definition of s(t), it is easy to know that (15) where E(t)=e(t)-v(t). (4 ), (17), and (18), the following inequality can be easily derived.
Remark 4 Although the proposed method is derived for a second-order system, it is clear that it is also applicable to higher-order systems by using the higherorder v(t), e.g., where and C>0, v`(0)-e`)(0) Vi=0, 1, 2,¥¥¥, n-1.
Remark 5 The proposed scheme can be extended to the MIMO (Multi-Input Multi-Output) nonlinear systems, if they are square systems (i.e., systems with the same numbers of inputs and outputs) such as robot manipulators. 4 .
Simulation Results
The simulation has been carried out for the following model. and Tf=1.5 second were used. The desired output, xd(t) was set to 1.0. The result using the saturation function was also shown. In the saturation function, the boundary layer thickness was set to 0.001. Figs. 2-5 show the result when a cubic polynomial is augmented. As can be seen in Fig. 2 , the actual output converges to the desired position within Tf=1.5 second. Fig. 3 shows the phase portrait. Fig. 4 and 5 show the control input when the signum function and saturation function are used, respectively.
Figs. 6-9 show the result when a quictic polynomial 
